Candida albicans is the most frequently isolated fungus in immunocompromised patients associated with mucosal and deep-tissue infections. To investigate the correlation between virulence and resistance on a gene expression profile in C. albicans, we examined the changes in virulence-related genes during the development of resistance in C. albicans from bone marrow transplant patients using a constructed cDNA array representing 3096 unigenes. In addition to the genes known to be associated with azole resistance, 16 virulence-related genes were identified, whose differential expressions were newly found to be associated with the resistant phenotype. Differential expressions for these genes were confirmed by RT-PCR independently. Furthermore, the up-regulation of EFG1, CPH2, TEC1, CDC24, SAP10, ALS9, SNF1, SPO72 and BDF1, and the down-regulation of RAD32, IPF3636 and UBI4 resulted in stronger virulence and invasiveness in the resistant isolates compared with susceptible ones. These findings provide a link between the expression of virulence genes and development of resistance during C. albicans infection in bone marrow transplant (BMT) patients, where C. albicans induces hyphal formation and expression change in multiple virulence factors.
compromised immune functions [12, 13] . Thus, it is important to recognize the physiological changes accompanying the phenomenon of induced fluconazole resistance. But there are a limited number of reports on the correlation between virulence traits and the susceptibility to azole antifungal agents [14] [15] [16] .
In the present study, we explored the relationship between virulence and resistance by examining the changes in virulence-related genes accompanying the development of resistance in C. albicans with a constructed complementary DNA (cDNA) array.
Materials and Methods

Micro-organisms and media
The azole-susceptible laboratory strain (SC5314) [17] and two pairs of matched susceptible and resistant isolates FH1/FH5 and TL1/TL3 used in this study are listed in Table 1 . FH1/FH5 were isolated from a patient who underwent a bone marrow transplant (BMT) and represent the same strain according to the identical banding patterns of the restriction fragment length polymorphism (RFLP) analysis. TL1/TL3 were also obtained from another patient who underwent BMT, and revealed identical banding patterns in RFLP analysis. An aliquot of glycerol stock from the strain was diluted in YPD broth (1% yeast extract, 2% peptone, 1% dextrose) and grown overnight at 30 °C in an environmental-shaking incubator. For the array samples, three sets of cultures were diluted to an absorbance of 0.05-0.1 at 600 nm (A 600 ) in fresh YPD and grown to the early logarithmic phase to the equivalent absorbance (0.4-0.5) for subsequent RNA isolation.
Drugs and antifungal susceptibility testing
Powder formulations of fluconazole (Roerig-Pfizer, New York, NY, USA) were dissolved in distilled water to a final concentration of 0.125 µg/ml, filter sterilized, and stored at -70 °C. Ketoconazole (Sigma, St. Louis, MO, USA), itraconazole (Janssen Pharmaceutica, Beerse, Belgium) and terbinafine (Sigma, St. Louis, MO, USA) were dissolved in dimethyl sulfoxide to a final concentration of 0.031, 0.125 and 8 µg/ml, filter sterilized and stored at -70 °C. The media utilized in this study included YPD broth and RPMI 1640 with 0.165 M morpholinepropanesulfonic acid (MOPS) (pH 7.0). Antifungal susceptibility testing was performed by the standardized microdilution method described in the NCCLS document M27-A (National Committee for Clinical Laboratory Standards, Wayne, PA, USA) [18] .
Construction of the cDNA library
The C. albicans SC5314 culture was divided into eight portions and grown at 200 rpm, 30 °C. Four subcultures were harvested at 8, 9, 12 and 16 h, and the other four cultures were harvested at 9 h and treated with sub-MIC (minimum inhibitory concentration) concentrations of fluconazole, ketoconazole, itraconazole and terbinafine, respectively. The total RNA was isolated from the cells treated with the different drugs and harvested in a different life phase by modifying the one-step method described by Chomczynski and Sacchi [19] . mRNAs were subsequently purified using an OligotexdT mRNA midi kit (Qiagen, Carlsbad, CA, USA). Multiple mRNA samples were mixed and used as the template for the first-strand cDNA synthesis. The cDNA library was constructed in PBSF, a modified pBluescript II SK vector (Stratagene), by using the SMART (switching mechanism at 5' end of RNA transcript) cDNA library construction kit (Catalog No. K1051-1, Clontech, Palo Alto, CA, USA) according to the manufacturer's instructions. Plasmid DNA was prepared by standard alkalinelysis procedures and also by the boiling method described by Marra et al. [21] , and was then sequenced using the M13 reverse sequencing primer, dye terminator technology and ABI 377 automated DNA sequencer (Applied Biosystems, Foster City, CA, USA).
Array preparation
By clustering the 11,032 sequences from the cDNA library, 3032 unigenes of C. albicans, including full-length and partial cDNAs representing novel or known genes, were obtained for array construction. In addition, the array included 64 known genes involved in drug resistance and biofilm formation that were selected from the NCBI (National Center for Biotechnology Information, USA) [22] .
RNA preparation and probe labeling
Total RNA was isolated from three sets of cultures by using a modification of the one-step method [19] . Poly(A) mRNA was extracted using the Oligotex mRNA kit (Qiagen, Carlsbad, CA, USA) and quantitated using the RiboGreen RNA quantitation kit (Molecular Probes, Eugene, OR, USA). The fluorescent cDNA probes were prepared through reverse transcription with Cy3-or Cy5-deoxy UTP (Amersham Pharmacia Biotech, Piscataway, NJ, USA) as follows: 5 µg of oligo(dT 18 ) was added and annealed to 3 µg of mRNA by heating the mixture to 70 °C for 10 min, and then chilling it on ice. The final reaction buffer mixture contained dNTPs (200 µM dATP, dCTP and dGTP; 60 µM dTTP; and 60 µM Cy3-or Cy5-dUTP), 2 µl of Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA, USA) and 1×reaction buffer. The reactions were carried out at 42 °C for 2 h. RNA was hydrolyzed by adding 4 µl of 2.5 M NaOH, incubating the mixture at 65 °C for 10 min and then neutralizing it with 4 µl of 2.5 M HCl. The RNA samples from the control group cells were labeled with Cy3-dUTP and those from the experimental group cells were labeled with Cy5-dUTP. The two color probes were then mixed and diluted to 500 µl with TE, and concentrated using a Microcon YM-30 filter (Millipore, Bedford, MA, USA) to 10 µl. The sample was then vacuum dried.
Hybridization
Each set of culture was used for separate array hybridizations. In the first two hybridizations, cDNA from the susceptible isolate was labeled with Cy3 and cDNA from the resistant isolate was labeled with Cy5. In the third hybridization, cDNA from the susceptible isolate sample was labeled with Cy5 and cDNA from the resistant isolate was labeled with Cy3. A total of six hybridization experiments were performed. The probe mixture was dissolved in 20 µl of hybridization solution [5×SSC (0.75 M NaCl and 0.075 M sodium citrate), 0.4% SDS, 50% formamide]. Arrays were pre-hybridized with hybridization solution containing 0.5 mg/ml denatured salmon sperm DNA at 42 °C for 6 h. The fluorescent probe mixture was denatured at 95 °C for 5 min, and the denatured probe mixture was applied onto the pre-hybridized chip under a cover glass. The chip was hybridized in a homemade chamber at 42 °C for 15-17 h. The hybridized chip was then in sequence washed at 60 °C for 10 min in solutions of 2×SSC+0.2% SDS, 0.1×SSC+0.2% SDS, and 0.1×SSC, then dried at room temperature.
Detection and analysis
The chips were scanned with a two-wavelength ScanArray 4000 (GSI Lumonics, Bellerica, MA, USA) to detect emission from both Cy3 and Cy5. The acquired images were analyzed using GenePix Pro 3.0 software (Axon Instruments, Foster City, CA, USA). The intensities of each spot at the two wavelengths represent the quantity of Cy3-dUTP and Cy5-dUTP hybridized to each spot. The local background values were calculated from the area surrounding each spot and subtracted from the total spot signal values. These adjusted values were used to determine the differential gene expression (Cy5/Cy3 ratio) for each spot.
To minimize artifacts arising from low expression values, only genes with raw intensity values of more than 800 counts for both Cy3 and Cy5 were chosen for differential analysis. A normalized factor was applied to account for the systematic differences in the probe labels by using the total number of genes in the array. In the present study, each spot in the three independent experiments was examined, and only those spots with three balanced differential expression ratios greater than or equal to 1.5, or less than or equal to 0.667, were considered to be differentially expressed [22] .
DNA sequences were annotated on the basis of the results of BlastN and BlastX searches using GenBank (http:// www.ncbi.nlm.nih.gov/entrez/query.fcgi), the sequencing database of Stanford University (Palo Alto, CA, USA) (http://www-sequence.stanford.edu/group/candida/) and the CandidaDB database (http://genolist.pasteur.fr/ CandidaDB/).
cDNA synthesis and reverse transcription-PCR (RT-PCR)
For cDNA synthesis, 1 µg of total RNA was used as a template and subsequent RT-PCR amplification was performed using the One-step RNA PCR kit (AMV) from TaKaRa (Shiga, Japan), following the manufacturer's instructions. The following parameters were used in the PCR amplification of specific genes: reverse transcription at 50 °C for 30 min; heat inactivation of reverse transcriptase at 94 °C for 5 min; 26-34 cycles (94 °C for 30 s, a gene-specific annealing temperature for 30 s, 72 °C for 90 s); and 72 °C for 5 min. Equivalent volumes of PCR products were applied to a 1.5% agarose gel stained with ethidium bromide and separated by gel electrophoresis in 1×TAE. The primer sequences used for the amplification of specific genes by RT-PCR are shown in Table 2 .
Results
To quickly and effectively investigate the large-scale expression of genes related to virulence, morphology, stress and drug resistance in C. albicans, a cDNA array was well prepared based on a cDNA library constructed F, forward primer; R, reverse primer. 
Characterization of the cDNA library
The constructed cDNA library contained 3×10 6 independent clones with a recombination rate of 97.6%, and exogenous inserts of the recombinants were 0.75-3 kb in length, with an average insert size of 1.6 kb (Fig. 1) . The sequence analysis of 60 randomly selected clones showed that 73.3% of cDNA clones corresponding to known homolog genes contained intact open reading frames. The average length of complete open reading frames was about 1.42 kb.
clusters with two or more members contained a total of 9330 expressed sequence tags (ESTs).
Gene ontology functions
The unigenes encoding putative protein sequences that were similar to the known proteins in the public sequence databases of Saccharomyces cerevisiae were classified into functional groups (Fig. 2) . The total number of unigenes that could be assigned a cellular role was 1332. Most of the known transcripts belonged to housekeeping genes, such as those involved in cell metabolism [e.g., carbohydrate metabolism (40.2%)], cell growth and/or maintenance [e.g., cell wall and cytoskeleton (23.3%)], and other categories included transport (10.7%), amino acid metabolism (4.0%), cell cycle (3.8%), transcription (3.7%), DNA replication and chromosome cycle (1.9%), signal transduction (1.5%), other (0.7%) and unknown biological process (10.3%).
The remaining unigenes either showed similarity to hypothetical proteins or did not match known protein sequences of S. cerevisiae. These probably represent the special traits in C. albicans that are distinguished from S. cerevisiae, such as virulence.
Expression profile of virulence-related genes of fluconazole-resistant and fluconazole-susceptible isolates
We examined the gene expression profile representing 3096 unigene sequences in C. albicans between TL1 and TL3, and FH1 and FH5, the two pairs of matched susceptible and resistant isolates simultaneously. Experiments were performed in triplicate, and fluorescent signals were detected by scanning (Fig. 3) . In addition to the upregulation of genes previously associated with azole resistance, such as CDR1, CDR2, IFU5, IFD6 and PDR16 (data not shown), some interesting genes related to virulence had a differential expression between the susceptible and resistant isolates, including the upregulation of EFG1, CPH2, TEC1, CDC24, SAP10, ALS9, SNF1, SPO72, BDF1, and the down-regulation of RAD32, IPF3636, UBI4, CDC3, CDC10, CDC11, ALS1 ( Table  3) . The differential expressions for some of them were then confirmed by RT-PCR independently (Fig. 4) .
Discussion
The large-scale analysis of sequenced cDNAs has been utilized to generate useful information about genes expressed at different life stages in pathogens. The cDNA
cDNA sequence clustering
The cDNA sequence reads from the constructed cDNA library (11,032 total cDNAs) were clustered into groups using the WU-BLAST 2.0 program [20] . In this procedure, the nucleotide sequence of each cDNA was compared with other sequences and grouped into non-redundant unigene sets. This cDNA clustering produced 1330 unigenes containing two or more sequence reads and 1702 singletons, generating a total of 3032 unigenes. The 1330
Fig. 1 Frequency distribution of the length of the exogenous inserted cDNAs
Sequencing results and bioinformatics analysis of 60 clones indicated that the percentage of full-length cDNAs was above 70%.
array in microbial systems has many extensive applications, including the exploration of genome-wide transcriptional activity, the study of gene expression profiles of drugs, inhibitors and toxic compounds, investigation of the 
Fig. 2 Distribution of GO functions of proteins as represented by the 1332 clusters of C. albicans
The Gene Ontology (GO) functions are classifications of cellular functions and were computationally assigned according to the guidelines of the GO Consortium.
http://www.abbs.info; www.blackwellpublishing.com/abbs functions of unknown genes, and use as a diagnostic tool [23] . The use of array techniques now permits the investigation of global changes in gene expression in drugsusceptible and drug-resistant isolates of C. albicans. We examined the changes in the virulence-related genes accompanying the development of resistance in C. albicans by using two pairs of clinical fluconazolesusceptible and fluconazole-resistant isolates from BMT patients, and some morphology and virulence-related genes were found to be differentially expressed between the susceptible and resistant isolates.
Efg1p is essential for hyphal development in the human pathogen C. albicans under most conditions [24] . Overexpression of EFG1 in C. albicans leads to enhanced filamentous growth in the form of extended pseudohyphae in liquid and on solid media [25] . In addition to promoting the formation of filamentous forms, EFG1 plays an important role in biofilm formation and development in C. albicans [26] . EFG1 is essential for the transcription of both hyphae-specific genes, such as HWP1 and HWP2. As an important gene associated with biofilm develop- ment in C. albicans, HWP1, which encodes a hyphaspecific wall protein, participates in cross-links with proteins on the mammalian mucosa by serving as a microbial substrate for epithelial cell transglutaminase [27, 28] . The 2.5-fold up-regulation of EFG1 may also therefore contribute to the formation of biofilm and result in resistance in the isolate FH5. The pleiomorphic behavior shown by C. albicans indicating that Efg1p is an important virulence factor, the prevention of filamentation and subsequent biofilm formation by the disruption of EFG1 may offer opportunities for the development of specific therapeutic strategies to combat these resilient infections [26, 29] . Cph2p is a basic helix-loop-helix transcription factor of the Myc subfamily with the ability to regulate hyphal development in C. albicans. But instead of direct interaction with many hypha-specific genes, the function of Cph2p in hyphal transcription is mediated in part through the binding of Tec1, a regulator of hyphal development, to the two sterol regulatory element 1-like elements upstream of TEC1 [30] . TEC1 transcription is regulated by EFG1 and CPH2, but not by CPH1 [31] . In FH5, CPH2 and TEC1 were up-regulated 1.6-and 1.9-fold, respectively.
CDC24, the CDC42 exchange factor, is required for viability and invasive hyphal growth in C. albicans. Cdc42p-dependent signaling pathways regulate the transition from budded to hypha form and the expression of hypha-specific genes. Specific regulation of CDC24/ CDC42 activity is required for invasive hyphal growth and this suggests a possible role for the GTPase module in pathogenicity [32, 33] . CDC24 was up-regulated 1.9-fold in the isolate FH5.
Secreted aspartyl proteinases (SAPs) and agglutininlike sequence (ALS) genes are two important families related to the virulence of C. albicans. SAPs are associated with a number of putative virulence attributes of C. albicans, including hyphal formation, adhesion and phenotypic switching, and their extracellular proteolytic activity plays a central role in Candida pathogenicity [7] . ALS genes, which are involved in the invasive growth of C. albicans and its adherence to human tissue, are important in the adherence of C. albicans to the oral mucosa during the early stages of the infection [8, 34] . SAP10 and ALS9 were up-regulated 3.7-and 2.0-fold in the resistant isolate TL3, respectively.
SNF1, which is essential for the viability of C. albicans, was up-regulated 2.4-fold in FH5. Disruption of one of the SNF1 alleles resulted in morphological changes and decreased growth rates, but it did not modify the carbon source utilization pattern. Two sporulation-related genes SPO72 and BDF1 were overexpressed 2.3-and 2.6-fold in TL3 and FH5, respectively. The formation of hyphae is thought to be related to the pathogenesis and invasiveness of C. albicans. The common up-regulation of different signal pathway genes, including EFG1, CPH2, TEC1, CDC24, SAP10, ALS9, SNF1, SPO72 and BDF1, suggests stronger virulence and invasiveness in resistant isolates, and cooperative interaction between different pathways and pathway cross-talk are potential mechanisms for the formation of hyphae and virulence.
Rad6p plays important roles in post-replication DNA repair, chromatin organization, gene silencing and meiosis. Some researchers have shown that Rad6p also regulates morphogenesis by repressing the yeast-hypha transition specifically through the Efg1p morphogenetic signaling pathway in C. albicans [35] . RAD6 overexpression inhibits hyphal development, whereas Rad6p depletion enhances hyphal growth. In our results, RAD32 and IPF3636 (similar to S. cerevisiae Rad4p), the two homolog genes of RAD6, were found to be down-regulated 1.6-fold in the resistant isolate FH5 and 2.0-fold in the resistant isolate TL3, respectively.
The UBI4 gene encodes polyubiquitin, which probably participates in control developmental programs of morphogenesis and switching in C. albicans. There is evidence of ubiquitin involvement in the Efg1p morphogenetic signaling pathway. Polyubiquitin may be involved in yeast morphology maintenance and depletion of polyubiquitin may stimulate hyphae and pseudohyphae formation [36] . Previous researchers have observed the down-regulation of UBI4 in multiple resistant isolates, including the resistant strain SC5314-AR, which was induced by amphotericin B and clinical isolates with stepwise resistance from an oropharygeal candidiasis (OPC) patient with AIDS [37, 38] . In our results, UBI4 was down-regulated 1.5-fold in the resistant isolate FH5.
If the overexpression of EFG1 and the down-regulation of RAD32, IPF3636 and UBI4 were taken into account, these results all contributed to hyphal development in the resistant isolates of C. albicans.
In addition, contrary to the expression of the above genes to enhance virulence in the resistant isolates, some septin genes, such as CDC3, CDC10 and CDC11, and the ALS gene ALS1 were found to be down-regulated in the resistant isolates [31, 39, 40] . CDC3, CDC10, CDC11, as well as CDC12, are members of the family of cell division cycle (CDC) genes, which are known to be involved in bud growth and the completion of cytokinesis. Their products are associated with the formation of a ring of http://www.abbs.info; www.blackwellpublishing.com/abbs neck filaments that forms at the region of the mother cellbud junction during mitosis [39] .
Conclusion
In the present study, we investigated the changes in virulence-related genes accompanying the development of resistance to fluconazole by using the cDNA array. In addition to the genes previously associated with azole resistance, 16 virulence-related genes, EFG1, CPH2, TEC1, CDC24, SAP10, ALS9, SNF1, SPO72, BDF1, RAD32, IPF3636, UBI4, CDC3, CDC10, CDC11, ALS1, whose differential expressions were found to be associated with the resistant phenotype, were identified. The expression change in most of the examined virulence factors in the resistant isolates TL3 or FH5 inclined towards stronger virulence and invasiveness in comparison with the susceptible isolates. This is the first time that the relationship between morphology and resistance in C. albicans has been studied by using the cDNA array. Further studies should be made to determine the contribution of these virulence factors to the development of resistance in C. albicans.
